Background--The associations between high-sensitivity troponin I (hsTnI) levels and coronary artery disease (CAD) severity and progression remain unclear. We investigated whether there is an association between hsTnI and angiographic severity and progression of CAD and whether the predictive value of hsTnI level for incident cardiovascular outcomes is independent of CAD severity.
A lthough coronary artery disease (CAD) may be present early in life, its progression over time is highly unpredictable. Coronary atherosclerosis can progress at variable rates, ranging from a gradual increase in luminal narrowing to an abrupt progression to total luminal occlusion, the latter often as a result of disruption of a vulnerable nonstenotic plaque attributable to rupture or erosion and subsequent thrombosis. 1 Thus, CAD progression may be silent and gradual or sudden and catastrophic, leading to acute coronary syndrome or death. 2 However, it appears that rapid CAD progression, whether "silent" or associated with clinical manifestations, is an independent predictor of adverse events. 3 Availability of the new generation of high-sensitivity assays enables detection of low concentrations of circulating cardiac troponins. In contrast to the conventional troponin assays, the high-sensitivity troponin I (hsTnI) assay detects circulating troponin I in most patients with stable CAD in the absence of myocardial necrosis. High levels of circulating hsTnI or highsensitivity troponin T have been associated with prevalent obstructive coronary atherosclerosis and with adverse incident cardiovascular events in patients with stable CAD or the general and elderly population. [4] [5] [6] [7] [8] [9] hsTnI levels have been
shown to be associated with CAD severity quantified by angiograms and atherosclerotic plaque burden using computed tomographic angiography in relatively small studies. [9] [10] [11] [12] However, the relationship between hsTnI levels and CAD progression has not been studied to date. Moreover, whether the predictive value of hsTnI for cardiovascular outcomes is independent of CAD severity remains unknown.
In this study, we investigated the association between plasma hsTnI levels and the following: (1) the angiographic severity of CAD, (2) the progression of CAD, and (3) whether the predictive value of hsTnI levels for incident cardiovascular events is independent of CAD severity.
Methods
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Study Design and Population
We studied 3087 adults ≥18 years from the Emory Cardiovascular Biobank, a prospective cohort of patients undergoing leftsided heart catheterization for suspected or confirmed CAD at 3 Emory healthcare sites in Atlanta, GA, between 2003 and 2015. Subjects with congenital heart disease, heart transplantation, severe anemia, and cancer were excluded. Participants were interviewed to collect demographic characteristics, medical history, medication use, and behavioral habits, as previously described. 13 Risk factor prevalence was determined by physician diagnosis and/or treatment for hypertension, hyperlipidemia, and diabetes mellitus. Blood pressure, heart rate, weight, and height were measured. Chronic kidney disease was defined as estimated glomerular filtration rate <60 mL/ min per 1.73 m 2 (estimated glomerular filtration rate calculated using the Chronic Kidney Disease Epidemiology Collaboration equation) or urine albumin/creatinine ratio >30 mg/g. Medical records and International Classification of Diseases, Ninth Revision (ICD-9) diagnostic codes were reviewed to confirm selfreported medical history. The study complies with the Declaration of Helsinki and was approved by the institutional review board at Emory University (Atlanta, GA). All subjects provided written informed consent at enrollment.
Identification of CAD and Severity Scoring
All coronary angiograms were scored for luminal narrowing using a modified American Heart Association/American College of Cardiology classification. 14 Patients were designated as having no CAD, nonobstructive CAD (visible plaque resulting in <50% luminal stenosis), or significant CAD (at least 1 major epicardial vessel with ≥50% stenosis). The severity of their CAD was calculated on the basis of angiographic disease of their native vessels before revascularization. Those with a history of coronary artery bypass grafting or percutaneous coronary intervention were all labeled as having significant CAD. Quantitative angiographic scoring was performed using the Gensini score, which quantifies CAD severity by a nonlinear point system for degree of luminal narrowing, along with a multiplier for specific coronary tree locations. For example, 1 point is equivalent to a 25% lesion in the right coronary artery. The score has prognostic significance. 15 Severity of CAD was also quantified by number of major epicardial coronary arteries with ≥50% stenosis.
CAD Progression
A subset of 717 patients who had undergone ≥2 coronary angiograms at least 3 months before enrollment were identified, and the 2 angiograms furthest apart in time were quantified using the Gensini score. The net change in angiographic score was divided by number of years between the angiograms to calculate the Gensini progression rate/ year. For example, development of a new 75% stenosis in the right coronary artery in an angiogram performed after 1 year will be associated with a Gensini change of 4 points.
Sample Collection and Measurement of hsTnI Level
Fasting arterial blood samples were collected at cardiac catheterization and stored at À80°C. High-sensitivity troponin I (hsTnI) was measured using the Abbott ARCHITECT analyzer
Clinical Perspective
What Is New?
• High levels of high-sensitivity cardiac troponin I are associated with more severe coronary artery disease and its accelerated angiographic progression.
• In patients with coronary artery disease, high-sensitivity cardiac troponin I levels can be used to risk stratify and predict future cardiovascular outcomes.
What Are the Clinical Implications?
• High-sensitivity cardiac troponin I is potentially a surrogate biomarker to monitor therapeutic responses in patients with coronary artery disease.
• Whether interventions aimed at reducing its levels are associated with improved outcomes requires further investigations.
(Abbott Laboratories, North Chicago, IL), which has a limit of detection of 1.2 pg/mL and an interassay coefficient of variation of <10% at 4.7 pg/mL. The upper reference limit (99th centile) ranges between 24 and 30 pg/mL in healthy populations, with a sex-specific upper reference range of 36 pg/mL for men and 15 pg/mL for women. [16] [17] [18] [19] [20] Samples were centrifuged twice before analysis and according to manufacturer's instructions. Serum high-sensitivity C-reactive protein (hs-CRP) levels were determined in 2127 patients using a particle-enhanced immunoturbidimetry assay (FirstMark, a division of GenWay Biotech) that has a lower limit of detection of 0.03 mg/L. 21 
Follow-Up and Outcomes
We conducted follow-up, as previously described, to identify prespecified incident adverse cardiovascular outcomes, including death, cardiovascular death, myocardial infarction (MI), coronary revascularizations, hospitalizations attributable to cardiac causes, and combined major adverse cardiovascular events, which include all-cause mortality, MI, and coronary revascularization. 13 Follow-up was conducted by telephone, electronic medical record review, social security death index, and state records, and adjudication was conducted by personnel blinded to the hsTnI data.
Statistical Analysis
Subject characteristics were reported as descriptive statistics, with means, medians, SDs, and ranges. Differences between groups were assessed using the t test for continuous variables and v 2 for categorical variables, where appropriate. Characteristics incorporated in multivariable analyses included age, sex, race, body mass index, smoking history, hypertension, diabetes mellitus, estimated glomerular filtration rate, statin use, antiplatelet therapy, angiotensin pathway antagonist use, b-blocker therapy, and hs-CRP levels, when available. Spearman correlation coefficients were used to assess the relationship between hsTnI levels and angiographic CAD severity. A linear regression model was used for independent predictors of CAD severity and progression quantified by the Gensini rate. Regression coefficients are presented as point estimates with 95% confidence intervals (CIs). The Kaplan-Meier curves as well as the Cox proportional-hazards regression model were used to examine the association between hsTnI and all-cause death, cardiovascular death, MI, revascularization, hospitalizations, and major adverse cardiovascular events. Analysis was conducted using available data (9% with missing data) under the assumption of missing completely at random. Analyses were performed using IBM SPSS Statistics Version 22 (IBM, Armonk, NY) and R 3.2.2 (R Core Team, Vienna, Austria). Last, we examined the incremental value of adding hsTnI levels to a clinical model for predicting death. The C-statistic, continuous net reclassification improvement, and integrated discrimination improvement were calculated to evaluate the improvement in predictive ability of the models with and without hsTnI using the R packages survC1 and survIDINRI.
Results
Baseline characteristics of the 3087 patients, aged 63AE12 years, by CAD severity are included in Table 1 . high-sensitivity troponin I levels and prevalent coronary artery disease (CAD) severity measured as number of obstructed vessels (A), prevalent CAD severity measured by Gensini score quartiles (B), and CAD progression scores measured as quartiles of Gensini progression rate (C). P values for trend. Figure 1A) . Similarly, hsTnI levels were associated with severity of CAD, measured by the Gensini score (q=0.26, P<0.00001) ( Figure 1B) . Thus, prevalence of 3-vessel CAD was greater in those with hsTnI in the highest versus lowest quartile (34.6% versus 13.2%; P<0.001). Bivariate correlations between continuous variables and CAD severity are demonstrated in Table 2 . In multivariable analyses, independent predictors of worse CAD severity, measured by Gensini score, included age, sex, race, body mass index, diabetes mellitus, hypertension, hyperlipidemia, history of MI, antiplatelets, statin use, b-blocker use, and hsTnI levels (Table 3 ). For each doubling in hsTnI levels, there was a 35% increase (95% CI, 1.19-1.52; P<0.0001) in the risk of higher CAD severity. In contrast, hs-CRP was not independently associated with angiographic CAD severity (P=0.56). In subgroups analysis, high-density lipoprotein was negatively associated with more severe CAD (b=À0.27; 95% CI À0.37 to À0.17; P<0.0001), whereas low-density lipoprotein was not associated with CAD severity (P=0.54). hsTnI remained significantly associated with CAD severity, despite adjusting for low-and high-density lipoproteins (P<0.0001).
Relationship Between hsTnI Levels and Angiographic Progression of CAD
Of the 3087 patients enrolled, 717 had coronary angiography at least 3 months before enrollment. Patients who had prior angiograms were more likely to be older and male, have a higher prevalence of diabetes mellitus and hyperlipidemia, have worse renal function, and were more likely to have a history of coronary intervention (Table 4 ). hsTnI levels were not different between those with and without previous angiograms. The median length of time between angiograms was 3.8 years (IQR, 1.7-6.6 years). Bivariate correlations between CAD progression rate and continuous variables are shown in Table 2 . There was a significant correlation between the hsTnI levels and the progression of CAD measured as Gensini rate/year (q=0.2, P<0.0001) ( Figure 1C ). Progression rate was 3.6-fold higher in those with hsTnI in the highest versus lowest quartile (1.5 versus 5.4; P<0.001). However, hs-CRP levels did not correlate with the Gensini rate of progression (P=0.28). Furthermore, after adjustment for clinical variables (age, sex, race, body mass index, smoking, diabetes mellitus, hypertension, hyperlipidemia, heart failure, estimated 
Relationship Between hsTnI Levels and Incident Cardiovascular Events
After a mean follow-up of 5.2AE3.1 years, there were 431 deaths (15.5%) from all causes, 239 deaths (8.6%) from cardiovascular causes, 99 incident MIs (3.6%), 680 coronary revascularization procedures (24.3%), and 1022 hospitalizations for cardiac causes (36.6%). In unadjusted analyses, increase in hsTnI level was associated with increased risk of all-cause death, cardiovascular death, MI, revascularization procedures, cardiac hospitalizations, and major adverse cardiovascular event rate (Table 5) . Kaplan-Meier survival curves for association between hsTnI quartiles and clinical outcomes are shown in Figure 2 .
After adjusting for demographic and clinical characteristics, as previously detailed, hsTnI levels, both as a continuous variable and in quartiles, remained an independent predictor of all the aforementioned clinical outcomes (Table 5) . These results remained significant even after adjusting for highdensity lipoproteins, low-density lipoproteins, and hs-CRP levels in a subset of 2127 patients. We also derived an optimal cutoff using Youden's index (sensitivity+specificityÀ1) for the outcome of cardiovascular death (5.15 pg/mL [57th percentile]), above which the risk of cardiovascular death is as follows: unadjusted HR, 3.9; 95% CI, 3.0 to 5.0 (P<0.0001); adjusted HR, 2.8; 95% CI, 2.1 to 3.8 (P<0.0001) ( Table 6 ). We found no significant heterogeneity in the HR for mortality on the basis of age, sex, race, and presence of individual risk factors like smoking, diabetes mellitus, hypertension, or hyperlipidemia, heart failure, statin use, or conservative versus invasive management. However, we found a significant trend for hsTnI to have better predictive value in those with versus without chronic kidney disease (interaction P=0.03) (Figure 3 ). CAD severity, measured by Gensini score, was an independent predictor of cardiovascular death/MI and additive to hsTnI. To assess the incremental prognostic value of hsTnI level in relation to established risk predictors and CAD severity, patients were stratified into groups according to combined strata of CAD severity and hsTnI quartiles (Figure 4) . Compared with the group within the lowest hsTnI quartile and normal angiogram (reference group), patients within the highest hsTnI quartile and 3-vessel CAD had an HR of 11.1 (95% CI, 3.4-36.7) for cardiovascular death/MI (P<0.0001).
Risk Prediction Performance
We tested the incremental value of adding hsTnI level to a model with significant traditional risk factors and clinical characteristics (including age, sex, race, body mass index, smoking history, hypertension, diabetes mellitus, hyperlipidemia, estimated glomerular filtration rate, history of MI, history of heart failure, and CAD severity) in predicting incident cardiovascular death/MI events. Addition of hsTnI significantly improved the C-statistic (from 0.683 to 0.710; Δ=0.027 [95% CI, 0.008-0.044]), the continuous net reclassification improvement (0.250 [95% CI, 0.113-0.420]; P=0.02), and the integrated discrimination improvement (0.046 [95% CI, 0.020-0.087]; P=0.02).
Discussion
In this large cohort of patients with suspected or confirmed CAD, we demonstrate that elevated circulating levels of hsTnI are associated with the severity and progression of angiographic CAD and its adverse outcomes. hsTnI levels are higher in those with greater severity of CAD, confirmed by the number of narrowed coronary arteries or angiographic atherosclerotic burden, independent of cardiovascular risk factors. Furthermore, for the first time, we found a robust association between hsTnI and CAD progression. More Figure 3 . Forest plot interaction of high-sensitivity troponin I with clinical covariates for the outcomes of death.
CI indicates confidence interval; CKD, chronic kidney disease; HR, hazard ratio; and MI, myocardial infarction.
important, our data showed that hsTnI is a strong predictor of incident mortality and morbidity, independent of and additive to CAD severity. Thus, compared with those in the lowest quartile, patients in the highest quartile of hsTnI levels had an adjusted >4-fold increased risk of cardiovascular death during follow-up. hsTnI significantly improved discrimination of future cardiovascular outcomes over a standard clinical model, as evidenced by improvement in the C-statistic, integrated discrimination improvement, and net reclassification improvement. Although hsTnI has been extensively studied in populations with and without cardiovascular disease, its relationship to CAD severity has only been explored in few studies with limited numbers of patients. hsTnI was found to be associated with angiographic and computed tomographic CAD severity in few smaller studies. [9] [10] [11] [12] 22 We confirmed the association between hsTnI levels and comprehensively analyzed angiographic native CAD severity in a much larger population. Elevated circulating levels of hsTnI do not necessarily implicate myocardial cell death. [23] [24] [25] [26] [27] Increased metabolic demand of the heart can lead to cleavage and release of cardiac hsTnI. In addition, microinjury caused by dislodgement of thrombi in small coronary vessels could be a potential cause for elevated levels of hsTnI and may explain the observation that more severe CAD was associated with higher hsTnI level. 12, 28 Another important finding is the association between the elevated hsTnI level and accelerated coronary atherosclerosis. Higher hsTnI levels were associated with progression in terms of both frequency and severity. Those in the highest quartile of hsTnI levels had >3-fold higher rate of CAD progression. As previously reported, CAD progression was not predicted by hs-CRP level, 29, 30 a finding that may be explained by the fact that the gradual progression of CAD may not be associated with inflammation to the same extent as an abrupt progression of a vulnerable and inflamed plaque. Although previous studies showed the prognostic utility of hsTnI in CAD populations from large trials, including HOPE (Heart Outcomes Prevention Evaluation) and PEACE (Prevention of Events With Angiotensin Converting Enzyme Inhibition), none of them adjusted for the underlying severity of CAD. 31, 32 In this cohort of >3000 patients who were carefully phenotyped for CAD severity, we demonstrate strong predictive value of hsTnI levels for all cardiovascular outcomes independent of and additive to CAD severity. Thus, in comparison to those without CAD with hsTnI levels in the lowest quartile, those with 3-vessel CAD and hsTnI levels in the highest quartile had >11-fold higher mortality. Using receiver-operating curve analysis, we found 5.2 pg/ mL to be the optimal cutoff in a population enriched for CAD. Interestingly, this corresponds to the same cutoff identified by a recent study of patients without established CAD. 33 hsTnI levels are modifiable by interventions such as statin use, and these changes are predictive of outcomes, as shown in previous studies. 4, 33 Therefore, hsTnI could serve as a potential surrogate biomarker to monitor therapeutic responses in patients with CAD. This can be addressed in an adequately powered randomized clinical trial. Our study has important strengths, including a large cohort size with detailed phenotyping of CAD burden, long-term follow-up with a large number of incident cardiovascular events, and exploration of the interaction of hsTnI levels with CAD severity. Although coronary angiography remains the gold standard for documenting the severity of CAD, the selection of patients for repeated angiography and its timing may have introduced bias because only subjects with symptoms were undergoing repeated angiography. This may have selected a cohort with more comorbidities and advanced CAD. As a consequence, we may have overestimated the true overall incidence of CAD progression. Nevertheless, 31% of those who had repeated angiograms had no significant CAD progression and served as a control group and those with retrospective progression had worse clinical outcomes during follow-up. Because this was a retrospective and observational study, we are unable to establish the association between hsTnI and prospective CAD progression. Given potential selection bias and the paucity of research on CAD progression, this study generates questions that should be answered with large prospective studies.
In conclusion, an elevated hsTnI level is closely associated with more severe CAD, with its accelerated progression, and with incident adverse cardiovascular events, independent of other clinical risk factors and hs-CRP levels. This study provides additional support for the potential role of hsTnI as a marker of the presence, progression, and outcomes in CAD. Whether more aggressive treatment aimed at reducing hsTnI levels can positively alter disease course requires further investigation.
